Abstract The nature of the promotional effect of Fe addition to Rh/TiO 2 and Rh/CeO 2 catalysts for CO hydrogenation was investigated using FT-IR spectroscopy in an ultrahigh vacuum compatible transmission IR cell. CO adsorption experiments on Rh and FeRh showed vibrational signatures characteristic of linear and bridge bound CO on Rh 0 as well as geminal-dicarbonyl species associated with Rh ? . Compared to TiO 2 , the CeO 2 -supported catalysts show increased dispersion, reflected by decreased particle size, and a lower signal for linear versus geminal-dicarbonyl bonded CO . The absorption frequencies for CO on Rh/CeO 2 are also redshifted relative to Rh/ TiO 2 , which results from a weaker Rh-CO interaction, likely due to the increased reducibility of the CeO 2 support. Upon addition of Fe, a new spectral feature is observed and attributed to CO bound to Rh in close contact with Fe, likely as a surface alloy. CO hydrogenation on (Fe)Rh catalysts on both supports was also studied. Compared to bare Rh, Fe containing catalysts promote formate and methoxy species on the surface at lower temperature (180°C), which suggests an enhancement in methanol selectivity by Fe addition. At higher temperatures (220°C), the spectral features appear similar, further confirming the role of Fe as a disrupter of large Rh 0 crystallites and regulator of CO dissociation and CH 4 formation.
syngas into value added products will aid in design of future catalyst systems that are both efficient and selective to ethanol.
To date, four main groups of catalysts for the synthesis of ethanol and higher oxygenates from syngas have been developed. They are rhodium-based, molybdenum-based, modified Fischer-Tropsch catalysts and modified methanol synthesis catalysts [8] . Catalysts using Rh are particularly interesting due to their ability to perform CO dissociation, CO adsorption/insertion and hydrogenation simultaneously [9] [10] [11] [12] . On Rh based systems, CO hydrogenation to ethanol proceeds via four main reaction steps: adsorption of CO, dissociation to form adsorbed CH x , insertion of a second CO molecule and further hydrogenation followed by desorption [6, 9] . Previous work on rhodium supported on SiO 2 shows high CO conversion rates but with high selectivity to methane at the expense of ethanol formation [10] . In order to help promote the formation of C 2? oxygenate products such as ethanol, a second metal is typically added to the rhodium. Various promoters have been investigated (e.g., Fe, V, La, Li, Mn) all of which affect product distribution and CO conversion as compared to bare rhodium [4, 5, 8, [13] [14] [15] . The addition of Fe to Rh is believed to alter the product distribution by increasing the reaction barrier for the formation of methane and decreasing the barrier for ethanol formation [2] .
While some control over product distribution can be gained by the addition of a metal promoter, another way to improve the selectivity for ethanol formation of the Rh catalyst is by changing the metal oxide support on which the catalyst is dispersed. Haider et al. showed that the activity and selectivity of both unpromoted and Fe-promoted Rh catalysts increased when the support was changed from SiO 2 to TiO 2 [4] . They attribute the change in activity to a change the number of active sites when the support is changed. This change is believed to be a result of either increased dispersion of the FeRh particles and/or a particle-support interaction. Ceria as a metal oxide support is a popular choice for NO, CO and hydrocarbon conversion in three way catalysts due to its oxygen storage capacity and enhanced oxygen mobility [16] [17] [18] . It too, has been shown to be a promoter [19] and support [3] for ethanol formation. Changing the support for these Fe-promoted Rh catalysts from TiO 2 to CeO 2 should result in a change in selectivity due to the varying reducibility of the two supports.
A recent structural study from this group on a series of Rh/TiO 2 -based catalysts has shown that the addition of Fe to Rh promotes formation of an FeRh alloy [1] . Pair distribution function (PDF) and X-ray diffraction (XRD) measurements of the FeRh catalysts after reduction under hydrogen and while under CO hydrogenation conditions show the appearance of several phases of Rh and Fe. Of them, the formation of an FeRh alloy phase correlates with an observed increase in ethanol selectivity. The amount of alloy formed is dependent on the Fe loading of the catalyst up to *4 %wt Fe. While this study provided new insight into the roles of both Rh and Fe under CO hydrogenation, it remains unclear how alloy formation modifies the reactivity of Rh, i.e., ensemble or ligand effects, and if the FeRh alloy phase is located at the surface of the catalyst.
In this work we use adsorption of carbon monoxide as probe molecule studied via FT-IR spectroscopy to investigate the surface structure of these Rh and FeRh particles on TiO 2 and CeO 2 supports. Not only is CO adsorption a key requirement for the formation of ethanol, but it can also be used to probe differences in the composition at the surface (i.e., Rh 0/3? , Fe 0,2?,3? ) of these FeRh catalysts. By comparing the CO adsorption on bare Rh with the Fepromoted Rh catalyst samples, the effect of Fe addition on the surface of the catalyst particles and the effect that a change in support has can be rationalized in regards to CO conversion efficiency and ethanol selectivity. In addition to CO adsorption, we also study the surface of these catalysts under CO hydrogenation conditions. Identifying intermediates and products that form under reaction conditions (i.e., formate, acetate, alkoxy) and comparing with previously measured CO hydrogenation activity and product selectivities can provide information as to the role of Feaddition and support reducibility on promoting ethanol formation.
Experimental

Catalyst Preparation
FeRh/TiO 2 and FeRh/CeO 2 catalysts are prepared via the incipient wetness impregnation method. Rhodium(III) nitrate hydrate (Rh(NO 3 ) 3 ÁxH 2 O) and iron nonahydrate (Fe(NO 3 ) 3 Á9H 2 O) are dissolved in de-ionized water and added drop-wise to P-25 titanium dioxide or cerium dioxide powder to form a paste. This paste is then dried overnight at 180°C and calcined at 450°C in air for 4 h. To produce a range of Fe:Rh loadings, the amount of iron(III) salt used was varied to result in iron weight percentages in the range of 1-7 %, while the rhodium concentration remained unchanged at *2 %wt. The series of FeRh catalysts synthesized will be referenced as 1FeRh, 2FeRh etc. A more detailed characterization of the FeRh catalysts can be seen in an earlier work [1] .
FT-IR Spectroscopy
CO Adsorption
FT-IR spectra were collected on a Bruker Vertex 80 V spectrometer using a liquid-N 2 cooled MCT detector in a homebuilt transmission cell. Figure 1a shows the FT-IR cell used in these experiments mounted in the sample compartment of the spectrometer and connected to a xyzstage which allows positioning of the sample. A crosssectional view of the cell, looking perpendicular to the direction of the IR beam, is shown in Fig. 1b . The design of the cell is similar to that first described by Yates et al. [20] . The IR cell contains two ZnSe windows, which allow transmission down to \1000 cm -1 . A turbomolecular pump can be used to evacuate the cell to a working pressure on the order of *10 -8 Torr. The cell is isolated from the sample compartment of the spectrometer and all vacuum and gas handling connections are internal. Having the cell completely isolated from the sample compartment of the FT-IR spectrometer allows the optical bench and sample compartment to be kept under vacuum (*3 Torr), eliminating the need for purging of the sample compartment with dry air or nitrogen.
For sample preparation, a small amount of catalyst is pressed into a tungsten mesh (0.2 mm aperture, 64 % open area, Goodfellow), which is then mounted onto a Ni sample holder that can be heated to [450°C, as monitored with a Type K thermocouple spot-welded to the tungsten mesh. There is enough surface area on the mesh to accommodate multiple samples. The sample holder is connected to a vacuum feedthrough which is in turn connected to a xyz stage that allows for translation in all three directions. CO adsorption experiments involve the same (Fe)Rh loading on either TiO 2 or CeO 2 . Hydrogen and CO gas are introduced into the cell via a manifold and regulated using mass flow controllers (MKS). Pressures for reduction, reaction and CO dosing are measured by a convectron gauge (Granville-Phillips). The catalyst is first reduced under 1 Torr of H 2 at 300°C for 20 min and then under vacuum for an additional 5 min. This reduction treatment was confirmed to result in Rh 0 by XRD in a previous study [1] . Further support for reduction was provided by the appearance of two peaks in the IR spectrum due to CO binding in a linear (CO (l) ) and bridged (CO (br) ) manner on Rh 0 sites that were not present in the as synthesized catalysts [21, 22] . After cooling to room temperature, a known pressure of CO is admitted into the cell and then evacuated. Spectra are collected at a resolution of 4 cm -1 with a total of 128 scans and presented as differences in absorbance. A background spectrum is collected at room temperature after reduction but prior to exposure to CO.
CO Hydrogenation
In addition to CO adsorption, the FeRh/TiO 2 catalysts were studied under CO hydrogenation conditions. For these experiments, catalysts were first reduced under flowing H 2 at 200°C. After reduction, the gas flow was changed to a 2:1 ratio of CO:H 2 while the sample was brought up to reaction temperature. Infrared spectra during reaction were collected at temperature (180-220°C) while flowing CO ? H 2 at a total pressure of *800 Torr. Background spectra were collected at temperature under flowing H 2 , prior to exposure to CO. The vibrational spectra in Fig. 2 for CO adsorption on the reduced Rh-only samples exhibit four absorbance bands in the range 2150-1850 cm -1 . These can be assigned to characteristic CO stretching frequencies associated with different Rh binding sites identified in previous studies [22] [23] [24] [25] . For the Rh/TiO 2 sample (Fig. 2a) , the two peaks at 2102 and 2042 cm -1 are assigned to the symmetric and antisymmetric stretch of CO adsorbed as a geminal-dicarbonyl (CO (gc) ) at isolated Rh ? sites. The mechanism for formation of these Rh ? sites involves the oxidation of small Rh 0 particles by surface hydroxyl groups of the support. These gem-dicarbonyl surface species are expected for only highly dispersed particles [21] . The two other features, a sharp peak at 2070 cm -1 and the broad absorbance centered at *1900 cm -1 , are consistent with CO binding to Rh 0 in a linear and bridged configurations, respectively [22, 24, 26] . As the CO exposure pressure is increased, a slight shift in frequency for CO (l) is observed from 2061 cm -1 for 50 mTorr exposure to 2070 cm -1 for 325 Torr. This shift is consistent with dipole-dipole coupling between adsorbed CO molecules with increasing coverage [27] . The observance of bridge-bonded CO suggests the formation of larger, Rh 0 crystallites. Four distinct CO vibrational peaks are also observed for CO adsorption on Rh/CeO 2 ( Fig. 2b) , however, each peak is redshifted by *20 cm -1 . The latter is consistent with a weakening of the CO bond resulting from the enhanced reducibility of CeO 2 and its effect on the electronic state of the Rh particles [19] .
Results and Discussion
Also worth noting is the difference in relative intensities of the CO vibrational bands on the titania and ceria supported samples. As the CO exposure increases on Rh/TiO 2 , both CO (l) and CO (gc) signals increase. This would suggest that there are large Rh 0 particles that are resistant to oxidation and small, isolated Rh atoms or clusters on the surface as well. By comparison, the vibrational intensities for CO on Rh/CeO 2 show a much higher ratio of CO (gc) : CO (l) , with peaks associated with Rh 0 much smaller than on Rh/TiO 2 . The enhanced formation of CO (gc) on the CeO 2 -supported Rh suggests that the change in support promotes greater dispersion of Rh particles and a larger fraction of Rh ? sites, likely as a result of a smaller average particle size. These support induced size variations are supported through TEM. The TEM images for Rh/TiO 2 shows particle sizes ranging from *2 to 10 nm, whereas for Rh/CeO 2 , a much higher dispersion results in Rh clusters of several atoms being identifiable (see Supplemental Information). Similarly, previous HRTEM results on 2FeRh/TiO 2 and 7FeRh/TiO 2 show an average particle size of *2 nm that are resilient to agglomeration under CO hydrogenation [1] .
CO Adsorption on FeRh/TiO 2 and FeRh/CeO 2
The addition of Fe to Rh/TiO 2 results in several changes to the IR spectra. Our recent structural characterization [1] of these FeRh/TiO 2 catalysts has identified the formation of FeRh alloy under both reduction and CO hydrogenation conditions and its importance for the formation of ethanol as a product, but could not conclusively prove the existence of surface FeRh alloy. [28] [29] [30] . Our previous XRD results showed that no fraction of the iron added to the catalyst existed as Fe metal, only as alloy, and from this we can eliminate CO (l) -Fe 0 as the source of this new feature [1] . Using this basis, the shoulder centered at *1950 cm -1 is attributed to CO (l) and/or CO (br) binding to a surface FeRh alloy. Due to the electronic effect that alloying has on both Rh and Fe, it is difficult to definitively assign the peak to one particular atomic species. It is most likely a combination of sites that share Rh and Fe character. At higher concentrations of Fe, the CO-Rh features almost disappear completely, and is likely the result of the formation of an amorphous iron oxide layer at the surface, covering up surface Rh sites [1] .
Similar trends in the CO vibrational spectra with increasing Fe content are observed for the FeRh/CeO 2 system shown in Fig. 3b . The feature that appeared at 1970 cm -1 and is attributed to CO-FeRh is present, but less prominent than compared to the TiO 2 support. As the Fe Fig. 1 Representation of the vacuum FT-IR cell used in these experiments. a Front view of xyz-stage mounted to sample plate and mounted in sample compartment of spectrometer. b Cross-sectional view of IR cell perpendicular to IR beam loading is increased, the overall signal begins to decrease as the smaller Rh particles are more easily covered by iron oxide.
CO Hydrogenation on FeRh/TiO 2 and FeRh/ CeO 2
In addition to CO adsorption experiments at room temperature, several of the FeRh alloy catalysts were studied under CO hydrogenation conditions. As noted above, intermediates such as -CH x , and -C-O are expected to be formed on the catalyst surface during reaction. Several reaction temperatures in the range of 180-220°C, typical for CO hydrogenation, were chosen [31, 32] . Figure 4a shows spectra of Rh, 2FeRh and 4FeRh and 7FeRh on TiO 2 at 180°C after 1 h of reaction. Peaks at 3014 and 1303 cm -1 are due to the formation of CH 4(g) . For Rh/ TiO 2 , absorbance peaks due to the formation of hydrocarbons are visible at 2968, 2927 and 2854 cm -1 . The shoulder at 2968 cm -1 and the peaks at 2927 and 2854 cm -1 are ascribed to saturated alkyl species (-CH 3 ) and methylene (-CH 2 ) groups, respectively, in line with previous work [13, 31] . The broad absorbance centered around 1900 cm -1 , previously attributed to CO (br) -Rh 0 , can still be seen, but is greatly diminished compared to room temperature, proving that CO is still bound to the Rh particle surface at 180°C. A set of three peaks also appear at 1533 and 1444 and 1346 cm -1 . These three peaks are assigned as t asym (OCO), m sym (OCO), and d sym (CH 3 ) of surface bound acetate [33, 34] . There is also likely to be some contribution in the intensity of these peaks from carbonate adsorption on TiO 2 (1533 and 1346 cm -1 ) and As noted above, the infrared spectrum for Rh/TiO 2 during CO hydrogenation at 180°C indicates the formation of surface-bound acetate (Fig. 4a) , whose role in C 2? oxygenate formation is debated. Underwood and Bell concluded that the high stability of acetate groups on Lapromoted-Rh/SiO 2 made them likely to be spectators, and only result from an accumulation of reaction products like ethanol or acetaldehyde [36] . Work on MnO-promotedRh/NaY catalysts by Treviño et al. suggested an alternative mechanism in which acetate groups located at the metalpromoter interface are likely to be intermediates that are hydrogenated in the formation of higher oxygenates due to their proximity to H-atom spillover [37] . Since C 2? oxygenate products like ethanol are not expected from CO hydrogenation on Rh/TiO 2 at 180°C [10], it is not clear if acetate is an intermediate that leads to oxygenate products at higher temperatures and/or part of a secondary reaction pathway that terminates at strongly bound surface acetates.
Compared to pure Rh on TiO 2 , the 2FeRh, 4FeRh and 7FeRh catalysts show some similar features that develop under CO hydrogenation conditions. Bridge bonded CO only appears on 2FeRh. At greater Fe loadings, this feature disappears, likely due to the absence of the extended Rh 0 crystallites needed to form bridge bonds. The peaks for alkyl stretches appear at 2966 and 2931 cm -1 and there is also a marked decrease in their intensity. The change in intensity is due to the decrease in the availability of surface Rh 0 , due in part to alloying with Fe. It is expected that the lack of extended surface Rh 0 decreases the CO dissociation rate, which in turn decreases the amount of C ads available for hydrogenation to CH x . The peak at 2854 cm -1 , attributed to an overlap in the symmetric stretch vibration of -CH 3 and -CH 2 groups on Rh/TiO 2 [13] , is less prominent on the Fe-promoted samples. Instead, a new peak at 2869 cm -1 appears which could be due to methylene (-CH 2 ) and methyl (-CH 3 ) formation at Rh sites in contact with Fe. Once again acetates appear under reaction, as evidenced by the peak at 1444 cm -1 . In addition, peaks at 1566 and 1369 cm -1 are identified as belonging to the m asym (OCO) and m sym (OCO) stretch of adsorbed formate [38] . Formate has been identified as a potential intermediate in methanol synthesis catalysts, which suggests that at a reaction temperature of 180°C, the addition of Fe to Rh/ TiO 2 improves the catalyst's ability to produce methanol. This is further supported by the appearance of two peaks in the region 1120-1045 cm -1 , which are the C-O stretches of mono-and bi-dentate adsorbed methoxy species [39, 40] . Formate has also been proposed as an intermediate in the formation of acetate/ethanol on Rh-MnO/NaY catalysts [41] . On Rh-MnO/NaY, formation of -CH x occurs on Rh sites through dissociative CO adsorption, while formation of formate occurs on MnO via non-dissociative CO adsorption and reaction with a surface hydroxyl. Interaction between -CH x and formate then leads to higher order oxygenate products.
At a higher reaction temperature, spectra for Rh/TiO 2 and the three FeRh/TiO 2 catalysts are nearly identical. Figure 4b shows the infrared spectra for Rh, 3FeRh and 4FeRh and 7FeRh after CO hydrogenation under flowing H 2 and CO at 220°C. Peaks associated with formate on 3FeRh, 4FeRh and 7FeRh have disappeared into only a slight shoulder of the main acetate peaks. The appearance of surface bound acetate at a temperature that ethanol formation is observed [10] supports the idea that it more likely a product of a secondary reaction pathway rather than an intermediate in the formation of ethanol in this system. Gas-phase methane is now seen as a dominant feature even in the Fe-promoted Rh/TiO 2 samples and the amount of bound -CH x has decreased compared to 180°C. The peaks from 1120-1045 cm -1 are still present at 220°C on the Fe-promoted samples, supporting the idea that C-O and/or C-C containing products (i.e., ethanol) are produced and also that they are more stable upon the addition of iron. This spectral region is shown on an expanded scale in Fig. 4c . Compared to spectra at 180°C, a new peak at 1033 cm -1 appears at 220°C and is identified as CH 3 OH(g) [42] . The formation of methanol also hints at another role of Fe in these systems. The increase in methoxy/methanol formation on FeRh could result from a reduction of CO dissociation and an increase in the stability of adsorbed CO. Takeuchi and Katzer studied CO hydrogenation on Rh/TiO 2 with isotopically labeled CO and concluded that due to an absence of isotope mixing in the methanol formed, production of methanol was almost exclusively through non-dissociative CO hydrogenation [43] .
For Rh/TiO 2 at 220°C, 3 additional sharp peaks appear at 989, 948 and 912 cm -1 . These are due to gas phase propene (989 and 912 cm -1 ) and ethylene (948 cm -1 ). Comparatively, a small amount of ethylene is seen for the iron-containing catalysts. The absence of propene and the limited production of ethylene as reaction products supports the idea that the addition of iron helps decrease the production of hydrocarbons that Rh/TiO 2 favors under reaction conditions. The evolution of the vibrational spectra as a function of Fe content and temperature seen in Fig. 4 provides additional insight into the role of Fe on the reaction pathway and product distribution. Previously we have shown that under similar reaction conditions, the addition of 1 % (wt) Fe to Rh/TiO 2 increases the ethanol selectivity by *20 % [1] . Further Fe addition improves selectivity to 55.6 %. If the addition of Fe helped stabilize an important reaction intermediate or form a unique active site, it could be expected that spectral features would appear in the Fepromoted samples that are not present in Rh-only sample. The fact that the IR spectra for all the catalysts show the formation of the same types of surface species under reaction conditions (Fig. 4) suggests that the addition of Fe does not lead to a new reaction pathway for oxygenate synthesis. Instead, the data are consistent with the hypothesis that the role of Fe addition and alloy formation is mainly to decrease the probabilities for CO dissociation and C ads hydrogenation by breaking up extended Rh 0 crystallites that are responsible for the high CH 4 production seen on Rh-only systems (ensemble effect). This hypothesis is supported by reactivity studies which show that the increase in oxygenate selectivity of Fe-promoted Rh/TiO 2 catalysts is primarily due to a drastic reduction in hydrocarbon formation and a concomitant decrease in overall CO conversion [1, 4] . Our data, however, cannot discount that this is the only role of Fe. It is still possible that Fe-promotion leads to the formation of an intermediate that is simply not longed lived enough to be observable by IR spectroscopy under these experimental conditions.
The effect of changing the FeRh support from TiO 2 to CeO 2 was also investigated, specifically for the 2FeRh catalyst system. Figure 5 shows spectra collected after CO hydrogenation on 2FeRh/CeO 2 . Compared to 2FeRh/TiO 2 , the IR spectrum for the 2FeRh/CeO 2 catalyst shows almost no surface bound -CH x species, which is likely due to less exposed Rh as evidenced by smaller CO adsorption (see 3 ). Methane is produced, especially at higher temperature (220°C), as seen by the CH 4 (g) peaks at 3014 and 1303 cm -1 . The -COO-region contains two broad features, centered at *1550 and *1330 cm -1 which likely contain contributions from several different -COO-containing species. At 220°C, a well-resolved peak at 1428 cm -1 appears, which is assigned as the symmetric stretching band, m s (OCO) of surface bound acetate, [44] similar to that observed for TiO 2 -supported 2FeRh (Fig. 4b) . In the spectral region 1100-1000 cm -1 , several peaks appear at both reaction temperatures. Since 2FeRh/ CeO 2 exhibits similar CO hydrogenation selectivities as 4FeRh/TiO 2 [45] , it is likely that several of these features are due to adsorbed CH 3 results in the appearance of a new CO vibrational band which is identified as CO adsorbed on Rh that is alloyed with Fe, suggesting that the FeRh alloy exists at the surface of these catalysts. Under CO hydrogenation conditions, the observed IR spectra for Rh/TiO 2 indicate the formation of CH 4 as well as the presence surface bound products such as methylene and acetate. At low reaction temperatures, Fe addition promotes the formation of formate and methoxy, intermediates in methanol formation. At higher reaction temperatures, formate and methoxy features disappear and the vibrational spectra for Fe-containing catalysts appear similar to that of bare Rh/TiO 2 , albeit with much lower CH 4 formation. Similar intermediates were seen under CO hydrogenation for 2FeRh/CeO 2 , but due to the complicated spectra resulting from CO/CO 2 adsorption on the CeO 2 support, definitive conclusions about the effect of the support on intermediate formation prove difficult. Overall, the results presented here further confirm the role of Fe which is to regulate CH 4 production by breaking up larger Rh 0 surface regions through alloy formation to FeRh (ensemble effect). Department of Energy, Office of Science, and supported by its Division of Chemical Sciences, Geosciences, and Biosciences within the Office of Basic Energy Sciences. The authors gratefully acknowledge Dr. Jordi Llorca of the Technical University of Catalonia (Barcelona, Spain) for performing electron microscopy characterization of the catalysts used in these experiments.
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